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INTRODUCTION

This report is the second in a series dealing with the mechanical propetties of
trinitrotoluene (TNT) and a composite (Composition B) of TNT and cyclotrimethylene
trinitramine (RDX). In the first report, the results of uniaxial compression studies of
these materials as a function of temperature and strain rate are reported with particular
attention being devoted to the uniaxial compressive fracture properties (ref 1). Under
uniaxial stress conditions, these materials fail by brittle fracture for all conditions
studied. However, if they are subjected to confined triaxial stress (uniaxial strain)
conditions, fracture does not occur and failure occurs by yielding (ref 2). The results of
confined triaxiai loading of TNT and Composition B (Comp B) are reported. The yield
strength as determined by this type of loading has been studied as a function of
temperature and strain rate. The elastic properties were also studied and are given
here for ambient conditions. The elastic properties as a function of temperature and
strain rate will be reported in reference 3.

The studies reported were undertaken in part because very little information
and understanding is available on the mechanical properties and mechanical failure
of molecular organic polycrystalline solids. In addition, TNT and Comp B are important
military explosives. Knowledge of the mechanical properties and, in particular, the
conditions for failure are very important relative to the use of these materials.
Mechanical failure is thought to play a critical role in ignition/initiation (refs 4 through
7). The conditions of stress and temperature experienced during cast cooling,
handling, and in use such as projectile launch are of special importance. Therefore,
studies were made for two strain rates: a quasi-static rate which is appropriate for cast
cooling and some handling conditions, and a higher rate which is applicable to other
conditions of handling and to weapons use such as artillery launch.

TNT and Comp B were prepared by casting from the melt (ref 2). Comp B is
made by adding particulate RDX and wax to TNT and contains 39.5% TNT, 59.5 %
RDX, and 1% wax. During the casting, process and cooling defects such as
dislocations, cracks, porosity, and larger cavities are often introduced. These defects
are important because they are thought to play critical roles in ignition and initiation.
For example, dislocations may play a role in impact initiation of explosives (ref 7), and
all of these defects may play roles in premature ignition during artillery launch (ref 8).
Some of these defects are caused by stresses during cast cooling, e.g., thermal
stresses, and mechanical properties are needed for these conditions of temperature
and strain rate for modeling so as to be able to predict cooling conditions which will
not result in defect generation. Therefore, measurements were made at the low quasi-
static strain rate. In addition, measurements are needed at higher strain rates for
modeling to predict failure conditions and possible ignition conditions with defects
during use, e.g., during projectile launch and as a result of impact and shock. For
these reasons measurements were made at the higher strain rate.




Complete stress-versus-stress and stress-versus-strain curves have been
recorded as a function of temperature and strain rate with most attention being
devoted to the yield strength. The goal is to develop a basic understanding of these
materials which will enable predictions of failure conditions and, in particular, failure
conditions leading to ignition or initiation. However, at no time during the course of
these studies was any evidence of decomposition or ignition observed.

BACKGROUND

The uniaxial compressive strength of these brittle materials is dependent on
flaws such as cracks or voids where stress concentrations can develop and failure
takes place by crack propagation (ref 1). This type of brittle failure is not observed if
fracture is hindered by triaxial confinement (ref 2) (fig. 1) and experimental techniques
have been used to determine the mechanical properties of brittle materials under this
type of triaxial loading (ref 9). By using this triaxial loading, it is possible to determine
the yield strength in addition to the elastic constants. This type of triaxial loading with
radial confinement (uniaxial strain) has been used to study Comp B, TNT, and other
similar materials over a range of temperatures and strain rates (refs 2, 10, 11). It has
also been used to simulate the loading conditions encountered by explosives during
artillery launch and is the same type of loading used in various activators to study and
determine the setback sensitivities of explosives (rets 12 through 14). The same
general experimental techniques are used in this work. Another type of triaxial loading
has been used to study polymeric energetic materials (propellants) and is sometimes
referred to as biaxial loading (refs 15 and 16).

The stress-strain relationships can be written as:

€= Z S;;0;
ij (1)

where ¢i are the strains, o; are the stresses, and S;; are the elastic compliances. For
triaxial loading normal to the surtace in three orthogonal directions taken as tne x, y,
and z axes (fig. 1) and for an isotropic material, equations 1 reduce to:

€x = 51105 + Sl20y + 8120, (2a)
€y = §120x + $110y + 8120, (2b)
€, = 5120x + $120y + $110; (2¢)




where it can be shown that Young's modulus, E, and Poisson’s ratio, v, are:

E=-L

S (3a)
v=o312

Si1 (3b)

The sign convention taken here is that v is a positive number. For the triaxial
experimental procedure used here, a cylindrically shaped specimen is enclosed in a
close fitting, thick-walled steel cylinder and compressed along the x axis as shown in
figure 1. A tight fit between the specimen and the steel cylinder is obtained by
increasing the temperature a few degrees until a hoop strain is observed on the outer
wall of the steel tube. This occurs because the sample has a higher coefficient of
thermal expansion than the steel. Since the cylinder tube is much stiffer than the test
specimen, the strains in the specimen in the y and z directions are negligible. Also,
from cylindrical symmetry

Ox = Oy = Gy (4)
Using this identity and ¢, = €, = 0, equation 5 is obtained from either equation 2a or 2b.

0}=T¥\703=m08 (5)

where 0, = 0y. This equation shows that the slope, m, of the radial stress versus axial
stress curve in the elastic region is determined by Poisson’s ratio (figs. 2 and 3).

Solving for v in terms of this slope m gives

__m
V= 1m (6)

Furthermore, if equations 3a, 3b, 4, and 5 are substituted into equation 2c and this
solved forYoung's modulus, we obtain

=9(;.2v?
E Ef(l Iy (7)

where g, = £¢. After obtaining v from the slope of the o, versus o, curve, Young's
modulus can be obtained from the slope of the axial (x direction) stress-versus-strain
curve (figs. 4 and 5). The shear modulus, G, and the bulk modulus, K, can then be

calculated using the measured values of E and v.




It is necessary to point out that in this report the term elastic is used rather
loosely to refer to the initial linear portions of stress-versus-strain and stress-versus-
stress curves before yield. The elastic constants refer to these linear regions and may
not be equal to the elastic constants determined in other ways, e.g., by methods using
much smaller deformations and much higher rates such as ultrasonic techniques.

These equations apply to a material which is in an elastic state of stress. Under
continued action of an applied axial stress, the material will eventually undergo a
transition from an elastic to a plastic state. This transition is characterized by yield.
Various criteria can be used to determine yield (refs 17 through 19). The von Mises
criterion, which is based on yield occurring when the strain energy of distortion
reaches a critical value, can be stated as

Yom= va V{ox-0,PHoy-0,2Ho,-0,2 (8)

where Yyn is the von Mises yield strength. Yy, can be determined from a uniaxial

experiment, i.e., when oy = 6; =0, Yyn = o at yield. The same criterion is obtained by
determining yield by the condition that the octahedral shearing stress reaches a critical
value (refs 17 and 18). Another criterion for yield is based on the maximum shearing
stress reaching a critical value (refs 17 through 19). This is often referred to as the
Tresca criterion (ref 19) and can be stated as

Yi = |ox - 6yl (9)

where |oy - oy| is greater than |6y - G| and |6z - ox]. Y can also be obtained by a

uniaxial test where Y, = o, at yield when oy = 6; = 0. These two yield criteria (eqs 8
and 9) do not give identical yield strengths for all conditions of loading (ref 19).

However, for the triaxial conditions used in this work, i.e., oy = 6; = 6,, we obtain from
both equations 8 and 9

Yt='va=Y=i(oa'0() (10)

where the t sign indicates that both 6, > o and ¢, < o, are possible solutions to
equations 8 and 9. The yield strength is taken as a positive number. Therefore, both
the Tresca and the von Mises yield criteria give identical yield strengths in this case.
As pointed out immediately above, Y is the yield strength as determined in a uniaxial
experiment. However, for Comp B and TNT, the yield strength as obtained from
equation 10 is more than twice the uniaxial compressive fracture strength (refs 1 and
2). In the uniaxial case, fracture occurs before yield and so the yield strength cannot
be obtained from a uniaxial test. Additional discussion of this point is given in
reference 1.




These considerations indicate that for the experimental conditions used here
the radial stress versus axial stress curve will have a break, with the initial or elastic
region being determined by equation 5 and the yield or plastic region being
determined by equation 10 (figs. 2 and 3). Poisson’s ratio is obtained from the slope in
the elastic region (egs 5 and 6) and the yield strength, Y, is obtained from the intercept

of the yield line (eq 10) with the o, axis.

Equations § and 10 have been obtained for the ideal case uf negligible friction
between the cylindrical surface of the explosive sample and the cylindrical inner wall
of the confining cylinder (fig. 1)! By the methods developed in reference 2 and to be
considered in greater detail separately (ref 20), these equations become

o, me4m ¢, =m'o, (11)

Y =0, - O, e (12)

where f is the coefficient of friction between the explosive and the steel and the + sign

has been taken for the case of increasing ¢, (eq 10).2 In obtaining equations 11 and
12, it is assumed that the frictional forces are small, i.e., f«1. This condition has been

found to be obeyed for the resuits presented. fis obtained from the measured angle j3
as shown in figures 2 and 3 from the relationship (ref 20)

tan p=e4! (13)

! Many of the effects which are attributed to friction in this report can also be attributed
to work hardening or to a combination of friction and work hardening. Detailed studies
to determine the relative importance of friction and work hardening are now in
progress.

2 In the appendix of reference 2 it is erroneously stated that 1 = 2r ratherthan 1 = 2d =
4r. Because of this, some of the equations of this appendix contain an error of a factor
of two. |, r, and d are the length, radius, and diameter of the sample.




When friction is present, the relationships between the measured quantities o,
o, and e, are modified (refs 2 and 20). In particular, the relationship between o, and o,
as measured is modified because o, and o, are actually functions of the distance from

the end of the sample where a, is applied and measured while o is measured at the
midpoint of the sample as shown by the position of the strain gauges in figure 1. As
indicated by equation 11, the slope of the o, versus o , curve in the elastic (initial)
region on loading is reduced relative to the value without friction (eq 5). The slope in
the yield region during loading with friction (eq 12) is also reduced relative to the value
without friction (eq 10). Yield occurs when o, and o satisfy both equations 11 and 12

with increasing o, and equation 12 is followed for further increases of o, if flow
occurs

without work hardening. The coefficient of friction, f, is obtained from the measured
angle B by the use of equation 13. Poisson’s ratio can then be obtained trom the
measured slope, m’, in the elastic region by the use of equations 5, 6, and 11. The
yield strength is obtained as in the case without friction by the intercept on the ¢, axis
(eq 12).

Without friction, the axial stress and strain are independent of the distance from
the end of the sample, and Young's modulus, E, can be obtained from the slope of the
Oa VErsus €, loading curve by using equation 7. Because the axial stress is a function
of this distance when friction is present, the axial strain is also a function ot this
distance (refs 2 and 20). The measured quantity is, however, the average axial strain
as determined by the displacement of the two anvils (fig. 1). The net effect of friction in
the elastic region is to reduce the average axial strain relative to the value without
friction for a given applied axial stress (ref 20). The slope of the measured o, versus ¢,
curve is increased relative to the value without friction, and equation 7 can no longer
be used to obtain the modulus E. The following equation gives the desired

relationship between E and the measured quantities 6, and €, when friction must be
considered (ref 20):

e-gh- 2

gl 1-vll dmf (14)

The maximum shearing stress 1 is given by

- 0a-O;

=73 (15)




and in the elastic region for the case without friction this becomes

= o, (1-m)
T2 (16)
by the use of equation 5. Therefore, the maximum shearing stress increases linearly
with 04 (and &a). In the yield regions, the maximum shearing stress is

=+
T=%y (17)

if flow occurs without work hardening. This result is obtained by using equation 10.
Therefore the maximum shearing stress is constant in the yield region without work

hardening as o, (and ;) increase. Equations 15 through 17 apply for the case without
friction. When friction is present, o, and o, are functions of the distance from the end of
the sample, and t must be calculated using 6, and o, for the same position (refs 2 and

20). In terms of the measured quantities o, and o, the maximum shearing stress is
given by

_Oetm.- g
A (18)

in the elastic region and by

Ga - G[c4f
2 (19)

in the yield region (ref 20).

T=

EXPERIMENTAL

The loading apparatus and the data handling processes are described in
reference 1 as are the sample preparation procedures. Additional details are given in
reference 2. The samples were all in the form of right circular cylinders of lengths
approximately 1.5 inches and diameters close to 0.752 inch. The sample lengths were
uniform and parallel to within £ 0.001 inch and the diameters were uniform to within +
0.005 inch. A range of sample diameters were obtained, but they were all less than
0.750 inch which is the inner diameter of the steel confining cylinder of figure 1.




The experimental arrangement for studying the mechanical properties under
radial confinement is shown in figure 1. The confining test cylinders are made of

hardened steel and have an inner diameter of 0.7520 + 0.0001 inch. The inner
cylindrical walls have a ground 8G surface finish. The anvils were also made of

hardened steel, have diameters of 0.7502 + 0.0001 inch, and have ground 8G
finishes. The tolerances given for the inner diameter of the cylinders and the outer
diameter of the anvils are conservative. Therefore, the radial clearance between the
cylinder and the anvil is approximately 0.001 or less. SR-4 strain gages were glued to
the outside of the test cylinder to measure the hoop strain. This hoop strain is related
to the internal radial stress exerted by the test specimen on the steel cylinder by the
equation

_E(b?-20) ;
O = > € =6.64 X 10, (20)

where a and b are the inner and outer radii of the test cylinder, E’ is the elastic

modulus of the cylinder material, €, is the hoop strain, and ¢, is the radial stress
exerted by the specimen on the cylinder. E” was measured for the steel cylinders used
in these studies and found to be 3.01 X 107 psi.

A tight fit must exist between the test specimen and the walls of the test cylinder.
Since it was desired to measure these properties as a function of temperature, test
specimens were machined to a variety of diameters near 0.752 inch, the inner
diameter of the steel confining cylinder. Then, by calculating a dimensional change for
a specified temperature change, a specimen of the proper diameter could be chosen,
placed in the test cylinder, and heated to the desired temperature in the conditioning
box (ref 1). Since the thermal coefficients of expansion of Comp B and TNT are
greater than that of steel, this procedure enabled the specimen to come into contact
with the walls of the steel test cylinder. This contact and a tight fit between the
specimen and the steel was detected as a hoop strain by the strain gauges attached to
the outer wall of the steel cylinder (fig. 1).

In order to minimize binding and friction inside the test cell, the entire specimen
was coated with a thin film of graphite powder before being placed in the cell. The
effects of friction on the measure quantities were discussed above. Thermocouples
were attached to various locations on the test cylinder, on the anvils, and on the metal
parts in contact with the test fixture. The test fixture was at this point resting on the
bottom crosshead. The experiment was carried out when all of the thermocouples
indicated that thermal equilibrium had been attained. When thermal equilibrium was
reached at the desired temperature, the test fixture was brought into contact with the
upper heated crosshead, a small prestress of approximately 50 psi was applied to the
specimen, and a load-versus-time profile programmed into the computer was applied




to the specimen. It was necessary to use the servo-hydraulic system in load control for
this work because a maximum load (stress) and not a maximum displacement (strain)
as used in reference 1 had to be stipulated. Two loading rate conditions were used: a
constant low loading (axial stress) rate of 625 psi/s and a high loading rate which was
not constant and was determined by the fastest response of the system. The low
loading rate resulted in a constant strain rate in the elastic region of approximately 10-3
s-1 for Comp B and a somewhat greater value for TNT and a variable strain rate in the
yield regions because of curvature of the axial stress-versus-strain curves (figs. 4 and
5).

For the high rate loading condition, a high strain rate which varied with time (fig.
6) was obtained. In this figure, typical curves of axial stress and axial strain rate versus
time are given for Comp B for the high loading rate condition. The strain rate
increased to a maximum value of approximately 8.0 s-1 at small times and then
decreased with increasing time, reached a value of about 0.2 s-1 at about 20 ms, and a
value of about 0.1 s-1 at about 40 ms (not shown) which is the end of the increasing
stress part of the experiment. The noise in the strain rate versus time data of figure 6 is
due mostly to noise in the linear variable differential transformer (LVDT) although a
part of the noise is also due to analogue-to-digital and digital-to-analogue conversions
which are necessary to capture, store, and analyze the raw data from the LVDT. An
inspection of figure 2 for Comp B indicates that the elastic (initial) range extends from
zero axial stress to an axial stress of about 22,000 psi. The data of figure 6 indicate
that the strain rate varies over a range of about 8 s-1to 4 s-1 for this range of axial
stress, neglecting the initial acceleration. The strain rate then decreases as the axial
stress increases into the yield region. However, the results indicate that the yield
strength and so the latter part of the radial versus axial stress curve is insensitive to
strain rate (fig. 7). High strain rate as referred to the data presented in this report refers
to the strain rate conditions of figure 6. Low strain rate refers to the conditions of low
constant load (stress) rate as stated above.

RESULTS

Composition B

Samples of Comp B obtained from the split mold casts and from the smaller
cardboard tube casts (refs 1 and 2) were studied in triaxial loading using the confined

cylinder geometry illustrated in figure 1. The applied axial stress, o,, and the average
axial strain, €,, as determined by the displacement of the anvils, were measured and
the radial stress, o,, was calculated as indicated above. A typical curve of o, versus
o, at 35°C for the high rate conditions is given in figure 2. Similar curves were




obtained at the low strain rate. The elastic (initial) region at low o, and the yield

(plastic) region at higher o, on loading (increasing o,) are indicated by the straight
lines. These straight lines have been fitted to the curve by eye, and there is some
subjectivity inherent in the process although considerable effort has been made to
minimize subjective effects. The angle B, in general, has been found to be less than
45 deg so that frictional effects should be considered (eq 13). The coefficient of

friction, f, can be obtained by the use of equation 13 and the measured value of f3, and
the value of m can be obtained from equation 11 and the measured value of m” using
either a graphical or an approximate analytical procedure (ref 20). Poisson’s ratio, v,

can then be calculated from equation 6, and the yield strength, Y, is obtained by the
intercept method as illustrated in figure 2.

A typical curve of o, versus g, is given in figure 4 also showing the linear elastic

(initial) region at low and increasing c,. A straight line has been fitted by eye to the
data of figure 4 in the initial region and the modulus E (Young's modulus) was
obtained from the slope of this line using equation 14. A straight line can also be fitted
by eye to the yield portion of the loading curve of figure 4. From the data of figures 2
and 4, the following are obtained: Y = 7500 psi, E = 0.61 x 106 psi, v = 0.36, 8 = 40
deg, and f = 0.044. These values compare favorably with the average values given for
the high strain rate in the table. The data in this table also indicate that the yield
strength, Young's modulus, the shear modulus, the bulk modulus, and probably
Poisson’s ratio are higher at the higher strain rate. The values of the moduli and
Poisson’s ratio in the table for the low strain rate were taken at 35°C from least
squares straight lines fitted to the data as a function of temperature. This was done
because of the scatter in the data and because a sufficient number of samples were
not measured in the vicinity of 35°C to give meaningful averages. The value of the
yield strength at the low strain rate obtained in the same manner is the same as the
average value given in the table.

Clark and Schmitt (ref 11), using the same experimental technique, obtained
the following average values for measurements on six samples at 30°C at a high strain

rate comparable to that used here: Y = 7950 + 670 psi, E = (1.97 £ 1.00) x 106 psi, v =
0.29 £ 0.04, and B = 38 deg * 6 deg. They did not correct for frictional effects, but the

magnitude of the angle B indicates that these corrections are necessary. in addition,
the intersection technique was used to obtain Y, i.e., Y was calculated as the

difference between o, and o at the point of intersection of the straight lines for the

elastic (initial) and yield regions (fig. 2) instead of using the intercept on the o, axis (eq
12). The use of the intersection technique and not correcting for friction leads to

higher values of Y (ref 20). Not correcting for friction also leads to smaller values for v

10




and a higher value for E. With these considerations in mind, the values of Y and v
which Clark and Schmitt report are in approximate agreement with the values given in
the table as obtained in this work. However, the value of E reported by these
investigators is much larger than the value found in this work, and this large difference
cannot be attributed to frictional effects. Large values for E were also found by Clark
and Schmitt in uniaxial studies (refs 10 and 11), and larger values of E are reported by
Costain and Motto (ref 21). This discrepancy is discussed further in reference 1. By
using strain gauged samples and uniaxial compression under both static and the high
strain rate conditions, Clark and Schmitt found values of Poisson’s ratio which are
somewhat larger than the values which they report for high rate triaxial compression.
They also made triaxial measurements on Comp B which were apparently vacuum
cast and obtained somewhat larger values for the yield strength (ref 11).

Some of the results of uniaxial compressive studies of Comp B at 23°C and
reported in reference 1 are given in the table for comparison purposes. The values of
Young's modulus at the high and low strain rates obtained by triaxial compression are
in agreement with the values obtained by uniaxial compression. Since the modulus
decreases with increasing temperature, this agreement is better than indicated in the
table because of the different temperatures for the triaxial and uniaxial results (refs 1
and 2). In addition, measurements in uniaxial compression on strain gauged samples
gave values of Poisson’s ratio which are close to the values given in the table for
triaxial compression. It is important to note that the compressive fracture strength is
significantly less than the yield strength at both strain rates. This result indicates that
crack growth to fracture during triaxial compression is prevented by the radial
confinement not present in the uniaxial case, and that yield and macroscopic
dislocation motion does not take place for uniaxial loading because fracture occurs at
a significantly lower stress.

The maximum shearing stress at the midpoint of the cylindrical sample as given
by equations 18 and 19 for the elastic (initial) and yield regions respectively is plotted
versus the axial strain in figure 7. Aside from the deviations in the immediate vicinity of
the origin which are due to the sample establishing firm contact with the stee! cylinder
on initial loading, the data of figure 7 indicate an elastic (initial) region followed by a
yield (plastic) region without work hardening. A straight line with the predicted slope
(eqs 11 and 18) has been drawn through the data points in the elastic (initial) region
and agrees well with the average slope of the experimental points. In the yield region,
the maximum shearing stress is constant and equal to Y/2. The data of figure 7
indicate a value of Y of about 7200 psi which is close to but somewhat less than the
value given above and obtained from figure 2 by the intercept method. The decrease
of the maximum shearing stress and so Y at the largest values of axial strain may be
due to strain rate effects (fig. 8) because the strain rate decreases appreciably in this
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region as indicated in figure 9. The results presented in figures 2, 4, and 7 indicate
that in the so-called yield region Comp B deforms at a constant shear or flow stress
(yield stress) for these conditions of loading.

Samples were also investigated as a function of temperature between
approximately 20°C and 75°C at the two strain rates and the yield strength, Young's
modulus and Poisson’s ratio were determined as a function of these parameters using
the methods indicated above. The shear and bulk modulus were calculated using the
measured values of Young's modulus and Poisson’s ratio. However, only the
temperature and rate dependencies of the yield strength will be considered here. The
elastic properties will be treated separately, but in summary, Young's modulus
decreases with increasing temperature much as reported in reference 1 while
Poisson’s ratio increases slightly with increasing temperature, the shear modulus
decreases with increasing temperature, and the bulk modulus is insensitive to
temperature (ref 3). The yield strength as a function of temperature is given for the low
strain rate in figure 9 and for the high strain rate in figure 8. At both strain rates the
yield strength decreases approximately linearly with increasing temperature, and the
yield strength is larger for the higher strain rate, but the difference decreases with
increasing temperature. In the temperature range of 75°C to 80°C or close to the
melting temperature of TNT (81°C), the yield strengths at the two strain rates become
equal. The data indicate that the yield strength is rather insensitive to strain rate since
a strain rate increase of approximately a factor of 4 x 103 only results in an increase of
about 30% in the yield strength at 30°C. Clark and Schmitt report yield strengths over
a much more limited temperature range, and the results suggest a decrease with
increasing temperature (ref 11). From the straight line for the high strain rate of figure
7, the yield strength decreases from about 8400 psi at 20°C to about 3500 psi at 70°C.
This decrease of the yield strength of over a factor of two over a limited portion of the
temperature range of military interest indicates that the conditions for safe launch of an
artillery projectile at 20°C may not be safe at 70°C.

The compressive strength also decreases with increasing temperature and
increases with increasing strain rate (refs 1 and 2). However, the compressive
strength is somewhat more strain rate dependent than the yield strength, and there is
no evidence that the compressive strengths at the low and high strain rates approach
each other as the temperature approaches the melting temperature of TNT as is the
case for the yield strengths (refs 1 and 2). Differences between the temperature and
strain rate dependencies of the compressive strength and the yield strength are to be
expected, because the compressive strength is determined by crack properties while
the yield strength is related to dislocation properties.
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TNT

Samples of TNT were also studied in triaxial compression and a typical curve of
radial stress versus axial stress at 35°C and the high strain rate is given in figure 3. A
comparison of figure 3 with figure 2 will reveal that these results for TNT are very
similar to those for Comp B except that yield occurs at significantly lower values of the

radial and axial stresses, and that Y is significantly lower. The angle B is 41 deg for
these data for TNT and so friction should be considered in the data analysis as for
Comp B. The axial stress versus axial strain data is plotted for the same sample (fig.
5). In this case, a comparison with figure 4 for Comp B will reveal that there are
differences. After the initial elastic region, there is a region of roughly constant slope
as for Comp B, but then the slope increases appreciably for TNT with further increases
of axial stress. This latter increase was observed for TNT at all temperatures
investigated at both strain rates but was not observed for Comp B at 35°C at the high
strain rate (fig. 4). It was observed for Comp B at the low strain rate and at the high
strain rate only at the highest temperatures. The details of the stress-versus-strain and
stress-versus-stress curves will be considered separately (ref 20). In addition, the
maximum axial strain for TNT is greater than for Comp B for the same maximum axial
stress.

The data of figures 3 and 5 were analyzed in the same way as the data for
Comp B, and the following results were obtained: Y = 2750 psi, E = 0.31 x 106 psi, v=

0.40, B = 41 deg, and f = 0.035. Average values for TNT at the high strain rate are
given in the table and indicate that the yield strength and the modulus are low and that

Poisson’s ratio is average for this sample. The angle B is slightly higher and so the
friction coefficient, t, is slightly lower than the values for the sample of Comp B of
figures 2 and 4. Clark and Schmitt (ref 11) have made compressive triaxial
measurements of the same type at a high rate which is approximately the same as the
rate used in this investigation. Their results for the yield strength for TNT indicate
considerably higher values than the results presented here. Although they did not
correct for friction and used the intersection technique to determine Y as discussed
above for Comp B, the difference between their results and our results {almost a factor
of two) cannot be completely attributed to the differences in data analysis. It seems
necessary to conclude at this time that there are important differences between the
samples used by Clark and Schmitt and those used in this investigation. This point is
considered further below. The dependency of the mechanical properties on
composition will be considered separately in some detail (ref 23).

The values of Poisson’s ratio obtained by Clark and Schmitt for triaxial loading

at the high strain rate are slightly lower, and the values of Young's modulus are
considerably higher than the values found in this investigation and given in the table.
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As noted for the case of Comp B, these investigators did not correct for friction

aithough the magnitudes of the reported angles P indicate that this correction is
desirable. The slightly lower values of Poisson’s ratio reported by Clark and Schmitt
may be due to this effect but the much larger values of Young's modulus cannot be
due to frictional effects. They also obtained by uniaxial compression of strain gauged
samples at high strain rate values of Poisson’s ratio which are slightly lower and
values of Young's modulus which are considerably higher than the values in the table.
Costain and Motto also report significantly larger values of Young's modulus at a strain
rate close to the lower strain rate used here (ref 21). This matter is discussed further in
reference 1.

An inspection of the table will reveal that the yield strength of TNT at 35°C and
the high strain rate is considerably less than the value for Comp B for the same
conditions of measurement and that Young's modulus and the shear modulus of TNT
are also a good bit less than the values for Comp B. The bulk modulus of Comp B may
also be somewhat higher than the value for TNT, and the value of Poisson’s ratio may
be slightly higher for TNT. The larger yield strength for Comp B indicates the effect of
the addition of 59.5% RDX and 1% wax to TNT on the stress necessary for
macroscopic dislocation motion. The larger modulus of Comp B indicates that the
modulus of RDX is greater than the modulus of TNT, and the smaller value of
Poisson’s ratio is indicative of the same property of RDX, i.e., that RDX is stiffer than
TNT and so deforms less than TNT in general under any given elastic loading
conditions.

In the table, some of the results of uniaxial compressive studies at 23°C and
reported in reference 1 are given. The value of Young’'s modulus for TNT at the high
strain rate obtained by triaxial compression is in agreement with the value obtained
from uniaxial compression studies. As for Comp B, this agreement between the
moduli as obtained from uniaxial and triaxial loading is better than indicated because
of the differance in temperature for the two types of experiments as given in the table.
It is also interesting to note that the compressive fracture strength of TNT is significantly
lower than the yield strength as is the case for Comp B. Only one sample of TNT was
measured at the low strain rate and at the lower end of the temperature range of
investigation for triaxial compression. The results for this sample gave values of the
yield strength and Young’s modulus which are anomalously high and are not included
in the table.

The maximum shear strength, 1, corrected for the effects of friction has been
calculated for the sample of TNT of figures 3 and 5 in the same manner as for Comp B
discussed above and is plotted as a function of axial strain in figure 10. The results
are similar to the results for Comp B in that an elastic (initial) region is found for low
values of axial strain, and a plateau follows indicating a constant flow stress. The
points in the immediate vicinity of the origin do not lie on the elastic (initial) line
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because the sample has not yet made completely firm contact with the steel cylinder.
A straight line with the predicted slope (eqs 11 and 18) has been drawn in through the

calculated points. From the plateau region, an approximate value of 1 = Y/2 of 1270;
psi is obtained and so a value of Y = 2540 psi. This value is somewhat lower but close
to the value obtained from figure 3 by the intercept method.

Very limited triaxial measurements were made for TNT as a function of
temperature and strain rate. The available yield strength results at the low and the
high strain rates are presented in figure 11 and indicate that the yield strength of TNT
at the high strain rate is much less sensitive to temperature than is the yield strength of
Comp B as given in figure 7. Because the scatter in the available data is so great,
especially for the low rate data, very little can be concluded about the strain rate
dependence other than that it is small. Clearly, additional measurements are
necessary to resolve this matter further. The small temperature dependence, however,
suggests that the mechanism controlling the temperature dependence in TNT may be
different than the controlling mechanism for Comp B. Clark and Schmitt (ref 11) give
values of the yield strength for TNT over the same temperature range as that of figure
11 at a high strain rate, but their data indicate a larger fractional decrease of Y with
increasing temperature. These investigators also report considerably larger yield
strengths for TNT than found in this investigation.

Summary of Experimental Results

A summary of the triaxial results at 35°C and a summary of some of the uniaxial
results at 23°C from reference 1 are given in the table. The results indicate that the
yield strength, the compressive fracture strength, and Young's modulus for Comp B
are larger at the higher strain rate. The results further indicate that the compressive
fracture strength and Young's modulus of TNT are iarger at the higher rate, but the
yield strength results are inconclusive as to the rate dependence (fig. 11). Young's
moduli as determined from triaxial data are in agreement with the values obtained
from uniaxial studies. The yield strengths and the compressive fracture strengths are
both significantly larger for Comp B than for TNT, and Young’s moduli are larger for
Comp B, but the Poisson’s ratios are probably larger for TNT. The iatter results
indicate that RDX is stiffer than TNT and so deforms less under elastic loading.

The yield strength of Comp B is rate dependent at 34°C, but the rate
dependence decreases with increasing temperature so that the yield strengths at the
two rates are about equal at the melting temperature of TNT. The yield strength of TNT
is much less temperature dependent than the yield strength of Comp B, but the results
for the rate dependence for TNT are inconclusive except that it is small. For both
materials, Y decreases with increasing temperature and for Comp B, Y increases with
increasing strain rate for temperatures below about 70°C.
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DISCUSSION

In this section the temperature and strain rate dependencies of the yield
strengths of Comp B and TNT are discussed separately and then compared.

Temperature and Strain Rate Dependence of the Yield Strength of
Composition B

Because the RDX particles are embedded in the TNT matrix of Comp B,
macroscopic yield and flow of Comp B cannot in general occur without yield and flow
in the TNT of Comp B unless this TNT is capable of sustaining the relatively larger
elastic strains that would be associated with plastic strains of the RDX patrticles. The
yield and flow properties of TNT presented indicate that this is not the case. Therefore,
unless the yield and flow properties of the TNT in the Comp B used in this study are
significantly different from the yield and flow properties of the TNT used in this work, it
can be concluded that the yield and flow of this Comp B necessarily involves the yield
and flow of the TNT in this Comp B. From the results presented, it is not possible to
determine if yield (or fracture) has occurred in the RDX particles of Comp B for the
conditions of loading used in this study.

A review has been given recently of mechanisms which have been proposed to
explain the strain rate dependence of the yield strength for a variety of conditions (ref
24). The temperature dependence of the yield strength of Comp B indicates a
thermally activated process (refs 24 and 25). In this case, the average dislocation
velocity is given by the relationship

-AG AG
kTx kT
v =sve = Vo

(21)

where AG is the change in the Gibbs free energy (activation free energy), v is the
frequency of vibration of the dislocation, and s is the distance moved in a successful
jump (ref 24). Alternately, the preexponential term in equation 21 may be taken as v,,
the maximum shear wave velocity in the crystal (refs 24 and 25). The plastic shear
strain rate is given by

AG
.. KTk
Y = Yoe
(22)
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where
"Yo = svbpm = Vobpm (23)

b is the Burger's vector, and p,, is the density of mobile dislocations (refs 24 and 25).

The activation energy AG is, in general, a function of the shear stress, t, and the
absolute temperature, Tk (ref 25). Following others (refs 24, 26, and 27), it is assumed

that AG is a linear function of the effective stress t* such that
AG = AGQ - t'VT (24)

where V., is defined by

{m} = bAa’
ot* |1 (25)

V. is sometimes called the activation volume (ref 24). As pointed out by Li, this

activation volume should not be confused with the thermodynamic activation volume
which is the partial derivative of AG with respect to pressure (ref 25). Here, V. will be
referred to as the apparent activation volume and in the notation of Kocks, Argon, and
Ashby (ref 28), this can be expressed in terms of an apparent activation area, Aa" as
given in equation 25. Aa’ is close to but not equal to the area swept out by a
dislocation in a thermally activated jump. Equation 22 may then be rewritten as

Vi

Y = {AGO- r*v,}

Yo kTk (26)

If the effective stress 1* is the difference between the applied stress t and an effective
internal stress t; due to long range internal stress fields, i.e.,

T=1-1 (27)
then equation 26 may be rearranged to give

AGO -k'r_K ]nﬁ

T=T+
Vi Voo oy (28)
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The plastic strain rate (eqs 22, 24, and 27) will be negligible until T reaches a critical
value which may be taken as the shear stress at yield or Y/2. Therefore,

Y =21 +8G0 kT, Yo
Voo Vooy (29)
From equations 22, 25, and 26, V, is given by
Jln-Y
Vi = KTy | —1°
ot |r (30)

This equation for V.is independent of the assumed form for AG as given by equation

24. Since only two strain rates are available, the differential of equation 30 is
approximated by finite differences so that this equation becomes

alnY )
VKT | Y| - [2kTKA(ln ¢ ]
At* U7 AY T (31)

where Y, is assumed to be independent of t and Y/, has been equated to €/€,. ¥, (eq
23) should be independent of stress unless the density of mobile dislocations at yield
changes with stress. While this cannot be ruled out, it will be assumed that this is not
the case. V; has been obtained from equation 31 using the low and high strain rates

and AY as obtained from the straight lines of figures 7 and 9, i.e.,
AY = 11,800 - 34Tk (32)

V. and 1/V, are plotted versus temperature in figure 12. An inspection of the
expression for I/V, obtained from equations 31 and 32 will reveal why 1/V; decreases
approximately linearly with increasing temperature for the limited temperature range of
this work as shown in figure 12. The change in the numerator of this expression is
much greater than the change in the denominator for the extremes of temperature
change of interest. Therefore, Tk in the denominator can be replaced by an average
value without having a strong effect on the temperature dependence of 1/V,.
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When the linear relationship between Tk/V, and the temperature obtained from
equations 31 and 32 and the approximately linear relationship between I/V, and the

temperature obtained from equation 31 as discussed immediately above or from figure
12 are inserted into equation 29, the following is obtained

AG,

11,800-34T
KTK wg ( K)

-lnef"
£

Y = 2‘ti + -
In §ﬂ
€L (33)

where the substitution Yo/Y = €/ has been made. For reasonable values of the

quantities inside the first brackets, the difference is positive and the difference given by
the second brackets is always positive since AY of equation 32 is always positive (fig.
8). The temperature and strain rate dependencies of Y as given by equation 33 are
the same as the observed dependencies (figs. 8 and 9). Therefore, equation 33
predicts that Y should decrease linearly with increasing temperature at constant strain
rate, and that Y should increase with increasing strain rate at constant temperature as
observed. In addition, equation 33 predicts that the slope of the straight line for Y
versus temperature should increase with increasing strain rate as observed. It is
possible to interpret the temperature and strain rate dependencies of the yield strength
of Comp B in terms of thermally activated dislocation motion over short range barriers
by assuming a linear relationship between the activation energy and the effective

stress (eq 24) and by assuming that ¥, (and €,) is independent of T. A somewhat similar

explanation has been given by Campbell and Ferguson to account for the yield
properties of mild steel (ref 29).

Equation 33 can be broken up into a temperature independent part and a pait
that is linearly dependent on temperature. Since Y has been found empirically to be
described by an equation which is also in part temperature independent and a part
which is linearly dependent on temperature (figs. 8 and 9), the empirical equation for Y
may be equated to equation 33, and the resultant broken up into two equations. One
equation arises because of the temperature independent terms, and the other
equation comes from the coefficients of Tx. When this is done, the following two
equations are obtained:

21;=334x 1083 AG, - 9.72 x 10° - 1.34 x 10% In €, = 24,900 (34)
9.64 x 1029 AG,, - 3.84 x 103 In €, = 90.8 (35)

The experimental value of &€ for the low strain rate has been used in obtaining
equations 34 and 35. Independent equations using the two strain rates of figures 8
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and 9 are not obtained because the difference AY has already been used in obtaining
the apparent activation volume V., from equation 31. Two relationships between the

three unknown quantities 1, AGo, and &, are given in equations 34 and 35. Estimates
of 1i and AG, may be obtained by making an estimate of &,. Since g, enters only

through logarithmic terms, the values for t; and AG, obtained in this way are not

strongly dependent on the estimated value of &,. This latter quantity has been
estimated by using a relationship which is similar to that of equation 23, i.e.,

€= Vo bp (36)

where v, is the longitudinal elastic wave velocity. This velocity was obtained from the
measured value of Young's modulus, E (table 1) and the known density of Comp B. If

b is taken as 10-7 cm and py, as 107 cm-2, a value of €, of 1.55 x 105 s-1 results.
Substitution of this value of &, into equation 35 gives a value for AG, of 1.42 x 10-19
joules (0.89 ev), and substitution of these values of &, and AG, into equation 34 yields

a value for 1; of 1640 psi. The minimum value for Y = 21; for region Il of Rosenfield and
Hahn (ref 30) and Campbell and Ferguson (ref 29) is 3280 psi. An inspection of
figures 8 and 9 will reveal that only a few of the lowest values of Y at the highest

temperatures are very close to this minimum value for Y. As pointed out, AG, and 7;
are very insensitive to £,. For example, a decrease of &, by two orders of magnitude
results in a decrease of AG, by only 14% and a decrease of t; by only 15%.

It is of interest to consider the possible role of the RDX in Comp B in forming
obstacles to dislocation motion in the TNT of Comp B. The RDX particle size in Comp
B varies from approximately 5 x 10-3 to 10-1 cm (ref 31). The cross-sectional area of
the RDX particles varies from approximately 2.5 x 10-5to 10-2cm2. If b is taken as of
the order of 10-7 cm, then Aa’“ can be obtained from equation 25 and the calculated
values of V_ given in figure 12. Aa’ therefore varies from about 0.6 x 10-14to 5 x 10-14

cm2, Since Aa’ is of the order of magnitude of the area swept out during an activated
dislocation jump (ref 28), it can be concluded that the RDX particles are much too large
to be the obstacles to dislocation motion of concern in the TNT of Comp B. However,
RDX is also soluble in TNT and the solubility in the vicinity of 80°C is about 5% (ref
32). This temperature is close to the freezing temperature of Comp B (TNT). If RDX
remains in solid solution in molecular form and is uniformly distributed in the solid TNT
matrix, the spacing between molecules is of the order of 16 x 10-8 cm. Therefore, the
area associated with an RDX molecule which a dislocation must sweep out in
overcoming the RDX molecule as an obstacle is of the order of 2.5 x 10-14 cm2. This
area is of the same order of magnitude as the apparent activation area, Aa’, estimated
above. It is possible that the obstacles to dislocation motion in the TNT of Comp B are
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molecules of RDX or small aggregates of RDX molecules. It has been pointed out,
however, that to obtain a significant temperature dependence of the yield strength due
to dislocation-particle interactions it is necessary for the dislocations to snhear the
particles so as to increase the particle-matrix interface area (ref 33). For this to be the
case, the RDX must be in the form of small clusters of at least two molecules per
cluster. This question is also discussed by Brown and Ham (ref 34). The increase of
Aa’ with increasing temperature could then be attributed to the clustering of RDX
molecules and/or the growth of clusters of molecules with increasing temperature with
an associated increase in the area swept out by dislocations in overcoming obstacles
because of a decreasing density of obstacles. This clustering of RDX molecules gives
a contribution to the activation entropy which decreases with increasing temperature.
This cannot be the case, and an analysis of the data indicate that the activation
entropy increases significantly with increasing temperature. It appears that small
clusters of RDX molecules cannot be the obstacles to dislocation motion. This
conclusion, however, is based on dislocations overcoming the RDX as obstacles by
glide. Brown and Ham have considered the climb of an edge dislocation to bypass an
idealized cubic particle and have arrived at an expression for the flow stress which
varies with temperature and strain rate in the same manner as equation 29 if the cube
decreases in size with increasing temperature in the appropriated manner (ref 35). If
the particles are clusters of RDX molecules and if the particles decrease in size with
increasing temperature by RDX molecules escaping into solid solution in the TNT,
then the activation entropy will increase with increasing temperature as observed. At
least qualitatively, it is possible to explain the observations in terms of thermally
activated climb of edge dislocations over clusters of RDX molecules. Details of this
and other processes including thermodynamic considerations will be considered
separately (ref 36). The effects of various types of obstacles to dislocation motion is
considered in reference 37.

Temperature and Strain Rate Dependence of the Yield Strength of TNT

Because of the very limited yield strength data for TNT as a function of
temperature and because of scatter in the data, especially for the low strain rate, all
discussion of the results for TNT must be taken as extremely tentative. With these
limitations in mind, the very small temperature dependence of the yield strength at the
high strain rate (fig. 11) suggests that dislocation motion is rate controlled by long
range internal stresses in this case, i.e., by the athermal stress component, 1;, of
equation 27. Within the scatter in the data for the low strain rate (fig. 11), the resuits
further suggest that the yield strength is also not very strain rate dependent. This lack
of strain rate sensitivity supports the hypothesis that yield is determined by long range
internal stresses. The long range internal stress fields have been discussed in some
detail by Li (ref 25) and by Chen, Gilman, and Head (ref 37).
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The athermal stress is generally attributed to dislocations and can be given by a
relationship of the type

1; = aGbYpr + pm (37)

where « is a geometrical factor somewhat less than unity, G is the shear modulus, py is

the density of fixed dislocations, and p, is the density of mobile dislocations (refs 38
through 41). Young’s modulus and Poisson’s ratio were measured as a function of
temperature for the TNT samples of figure 11 and the shear modulus calculated (ref 3).
While the scatter in the data is too great to give an explicit temperature dependence for
the shear modulus, the results indicate a small temperature dependence and so are
not in disagreement with figure 11 and equation 37.

As noted in the results section, Clark and Schmitt have reported yield strengths
of TNT which are significantly greater than the values found in this work (ref 11). In
addition, the temperature dependence of the yield strength given by these
investigators is significantly greater than the temperature dependence found in the
present study. These results suggest that the yield properties of the TNT samples
used by Clark and Schmitt were not determined solely by long range internal stress
fields as they apparently are for the samples used in this investigation, but were also
dependent on thermal activation over barriers due to short range stress fields
associated with obstacles not present in the samples used in this study. Studies of the
yield strength of samples of the type used in the present study at lower temperatures
and/or higher strain rates may very well reveal that thermal activation over barriers due
to short range stress fields is also important in these samples (refs 29 and 39).

Comparison of the Yield Strengths of Comp B and TNT

From the straight line of figure 11, Y for TNT varies from about 3400 psi at 20°C
to about 2900 psi at 60°C. Therefore, t; = Y/2 varies from about 1700 psi to 1450 psi

for the same temperature range. These values of 1; are very close to the value of 1640
psi obtained for Comp B. It is also interesting to note that an extrapolation of the
straight line of figure 11 for TNT to higher temperatures suggests that the yield
strengths of TNT and Comp B (fig. 7) are very close as the temperature approaches

the melting temperature of TNT. It is, therefore, tempting to conclude that the 1, for
Comp B is due to the long range stress fields in the TNT of Comp B because the
dislocation densities in TNT and in the TNT in Comp B are not too different (eq 37). It
is further very tempting to conclude that the obstacles to dislocation motion in Comp B
which must be overcome by thermal excitation are associated with the RDX in the TNT
matrix as already discussed for Comp B. There are, however, some difficulties with
this general interpretation. While the TNT and the Comp B used in these studies were
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obtained by cooling from the melt in approximately the same manner (ref 2), the
presence of RDX and wax in Comp B might reasonably be expected to influence the
dislocation densities and the internal strain fields in the TNT of Comp B. For example,
a mismatch of the thermal expansion coefficients of TNT and RDX could cause
dislocation generation during cooling from the melt. The RDX particles could also be
the cause of long range strain fields because of misfit and elastic and thermal
anisotropy. In addition, it is well known that the solidification properties of TNT are
strongly influenced by the presence of other materials (ref 42). Very small additions of
hexanitrostilbene to TNT very significantly reduce the grain size of TNT (ref 42). The
grain size of the TNT of Comp B has been observed to be much smaller than the grain
size of TNT alone for some conditions of preparation.3 For these reasons the
approximate equality in magnitudes of the long range internal stress fields for the
Comp B and TNT used in these studies may be coincidental. Direct measurements of
dislocation densities and structures are desirable.

SUMMARY AND CONCLUSIONS

The yield strengths and elastic constants of Comp B and TNT have been
obtained as a function of temperature at two strain rates by radially confined triaxial
compression (uniaxial strain). For this purpose the cylindrical explosive samples were
placed in snug fitting steel confining cylinders of inner diameter equal to the diameter
of the explosive samples and compressed axially. This geometrical arrangement was
used to simulate the stress conditions which the explosive in a projectile experiences
dug to acceleration (and deceleration) during artillery launch. In addition, the same
geometrical arrangement is used in various activators which are used to study the
setback ignition/initiation sensitivity of explosives. Analysis of the data indicate that it
is necessary to consider the effects of friction between the explosive sample and the
inner cylindrical walls of the steel confining cylinder to obtain values for the yield
strength and the elastic constants. Only the yield strength is reported and discussed
here. The elastic property data will be reported separately (ref 3).

The yield strength of Comp B decreases with increasing temperature and
decreasing strain rate for temperatures between 20°C and 75°C and two strain rates of
approximately 10-3 s-1 and 4 s-1. For the higher strain rate, yield occurs in a few
milliseconds, and this corresponds to the time frame of artillery launch. The decrease
of the yield strength at the higher strain rate in the temperature range of military
interest is significant relative to the safe use of this explosive.

3Private communication with S. Morrow.
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The rate and temperature dependencies of the yield strength of Comp B have
been interpreted in terms of thermally activated dislocation motion over short range
barriers for most of the temperature range considered. The results can be explained
by a constant preexponential factor and an activation energy for this thermal activation
which decreases linearly with increasing applied stress and is dependent on
temperature through a temperature dependent apparent activation volume (or
apparent activation area). The apparent activation volume increases with increasing
temperature. The analysis also includes an athermal stress component and values for
this athermal stress, the zero applied stress activation energy, and the preexponential
factor are obtained. Dislocation motion and yield should be rate limited by the
athermal stresses only close to the maximum temperatures investigated which are
close to the melting temperature of TNT.

Much more limited results for TNT indicate that the yield strength for this
explosive decreases somewhat with increasing temperature between 20°C and 60°C
and is insensitive to strain rate for the two strain rates given above. As for Comp B,
yield occurs in a few milliseconds at the high strain rate, but the decrease of the yield
strength over the temperature range of military interest is not significant relative to the
safe use of this explosive for the TNT used in these experiments. However, others
have reported larger values for the yield strength of TNT and a greater decrease of
yield strength with increasing temperature. Therefore, the yield properties of TNT are
dependent on source and/or processing conditions.

The rate and temperature dependencies of the yield strength of the TNT used in
this investigation can be interpreted in terms of athermal long range internal stress
fields which resist dislocation motion. These internal stress fields are due to
dislocation and/or other imperfections, and the temperature dependence of the yield
strength is not inconsistent with the temperature dependence of the shear modulus.

Over most of the temperature range of this investigation, the yield strength of
Comp B is greater than the yield strength of TNT. However, the results indicate that
the yield strengths ct these two explosives are about the same near the melting
temperature of TNT (81°C). While the rate controlling mechanisms for dislocation
motion are different for the two materials over most of the temperature range
investigated, the results indicate that dislocation motion and yield is controlled by long
range internal stress fields near the melting temperature of TNT in both materials. In
addition, the magnitudes of the internal stress fields are close, suggesting that the
dislocation densities (and/or densities of other imperfections) are not too far apart in
the two materials. It can be inferred from this that dislocation motion and yield in Comp
B occurs primarily in the TNT of this composite if the dislocation densities in the TNT in
Comp B and in TNT alone are within a factor of two. Measurements of dislocation
densities are necessary to further resolve this matter.
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Additional measurements are desirable for Comp B at lower temperatures and
at several strain rates or by differential techniques such as the change of strain rate
and change of temperature tests to confirm the interpretation given to the yield strength
results. Additional measurements are necessary for the whole range of temperatures
and strain rates or changes of temperature and strain rate in order to confirm (or reject)
the very tentative interpretation given to the yield properties of TNT. It is also desirable
to cover the whole temperature range of military interest for both Comp B and TNT.
Measurements of TNT with controlled impurities or additives are also desirable in
order to understand the differences between the results presented here and the results
of others. In addition, measurements of dislocation densities and structures for Comp
B and TNT are highly desirable and will aid in the interpretation and understanding of
the yield properties of these materials. And finally, studies of the yield phenomena of
both materials as a function of impurities or additives can lead to significantly stronger,
higher yield strength materials.
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Table. Yield and fracture strengths and modulus properties* of Comp B
and TNT at low and high strain rate

RATE COMP. B TNT
IRIAXIAL: (T = 35°C)
Y LOW 5600 * 980
YIELD
STRENGTH (PSI) HIGH 7420 * 1050 3350 * 290
E LOW 0.38
YOUNG'S MODULUS
(X106 PpsSI) HIGH 0.54 * 0.07 0.37 * 0.06
v LOW 0.33
POISSON'S
RATIO HIGH 0.36 £ 0.02 0.39 + 0.02
G LOW 0.15
SHEAR MODULUS
(X106 PpSI) HIGH 0.20 * 0.03 0.13 + 0.02
) 4 LOW 0.38
BULK MODULUS
(X106 PpsI) HIGH 0.63 £ 0.08 0.58 + 0.07
LOW 42.6 * 0.2
B (")
HIGH 40.0 = 1.5 40.3 + 1.0
UNIAXIAL: (T = 23°C)
o LOW 1680 960
COMPRESSIVE STRENGTH
(PSI) HIGH 3260 * 150 1850 * 180
E LOW 0.36 0.25
YOUNG'S MODULUS
(X106 PSI) HIGH 0.60 + 0.02 0.45 * 0.07

*Determined from the slopes of the linear regions of the stress-versus-strain and stress-
versus-stress curves below yieid.

27




APPLIED
z FORCE

, '
() @ UPPER
STEEL

> ANVIL
CYLINDER

STRAIN ////

—>

GAGES —>
SAMPLE
LOWER
<
ANVIL
\_/
APPLIED
FORCE

CYLINDER LENGTH = 4.0"
INNER DIAMETER = 0.7520"
OUTER DIAMETER = 1.750"

Figure 1. Experimental setup for triaxial foading under radial confinement
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Figure 2. Radial stress versus axial stress for Comp B for the high strain rate
conditions

30




40000

30000

20000

OR- RADIAL STRESS (PSI)

10000 B
0 YT ——T—v—]
0 10000 20000 30000 40220

Ga — AXIAL STRESS (PSI)

NOTE: Straight lines have been drawn through the elastic (initial) and yield
parts of the leading curve as discussed in the text

Figure 3. Radial stress versus axial stress for TNT for the high strain rate conditions

31




40000 =
L
o
a /
e T = 35°C
~ 30000
@ ]
[} a
o 1
‘ L
H -
@ 20000 ) ® AXIAL STRESS
g -
<
- <
» 10000 -
< 1
o
1 4
< <
©

L e o o SRSRJEL A AR wa e e se mn s an an o o |
0 1 2 3 4 g
€, - AXIAL STRAIN (%)

NOTE: A straight line has been drawn through the elastic (initial) part of the
loading curve as discussed in the text.

Figure 4. Axial stress versus axial strain for Comp B for the high strain rate
conditions

32




40000
— <
- 4 /
%) ) S
@ ] t-35¢ ,

30000 - ¥
(7] h F ]
n ; -
] >

L}

E 20000 e
) ) .
A L - a
] ™
3 ] .

0000 =
< 1 )
' )
b‘ h

0 S AR ABARE RAREEaEELT s e nanas as sy
0 1 2 3 3 5 6 7 8

€2 - AXIAL STRAIN (%)

NOTE: A straight line has been drawn through the elastic (initial) part of the
loading curve as discussed in the text.

Figure 5. Axial stress versus axial strain for TNT for the high strain rate conditions
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conditions
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